The feasibility of in situ soft x-ray absorption spectroscopy for probing carbonaceous species in hydrocarbon flames is demonstrated using synchrotron radiation. The soft x-rays are absorbed by core level electrons in all carbon atoms regardless of their molecular association. Core electron spectroscopy promises several advantages over valence spectroscopy, which forms the basis of traditional laser diagnostic techniques. First, xray absorption is not subject to temperature-dependent variations in Boltzmann fraction populations, which simplifies the interpretation of the measurements. Second, core-level spectroscopy probes all carbon containing molecules, providing a spatial map of carbon concentration. Previous in situ x-ray measurements in flames have focused on studies of particle/soot detection using hard x-rays. The development of soft x-ray absorption spectroscopy and tomography could enable imaging of flame structure and mixture fraction in the gas phase. In the present study, soft x-ray absorption spectra are measured in the carbon K-edge region from 280 to 330 eV in low-pressure (P total =20 torr), axisymmetric, non-premixed methane flames. Two-dimensional imaging of the major carbonaceous species, CH 4 , CO 2 , and CO, is accomplished by tuning the synchrotron radiation to the respective π* transitions in the near-edge region of the carbon K-edge spectrum and raster scanning the burner.
Introduction
Innovative diagnostic techniques are needed to advance our understanding of flow-flame interactions in combustion conditions that are not amenable to traditional laser diagnostic techniques. The coupling between transport and combustion chemistry is a complex problem involving highly nonlinear processes. Insights from these studies are important for developing high-fidelity predictive simulations of turbulent combustion. Well-established laser diagnostic techniques provide quantitative measurements of species concentrations, temperature, mixture fraction, and velocity in many combustion environments. These techniques are widely used for spatially and temporally resolved measurements that provide new insights into combustion processes. However, the applicability of laser scattering techniques such as laser-induced fluorescence and laser Raman and Rayleigh scattering is limited to flame conditions that do not produce significant interferences. Interferences can arise from either flame luminosity or extraneous laser-generated signals, such as C 2 Swan-band emissions in sooting flames. New diagnostic approaches are needed for probing these challenging combustion environments. Soft x-ray imaging techniques could provide a method for in situ measurements of species concentrations and key quantities for flame studies, such as mixture fraction, in conditions that are not amenable to laser diagnostic techniques.
X-rays promise several advantages over visible and UV radiation, which are commonly used to probe flame species using valence spectroscopy. First, x-ray absorption is not subject to temperature-dependent variations in Boltzmann fraction populations. Second, core-level spectroscopy probes the elemental composition of molecules. For example it could be used to probe all carbon containing molecules, providing a spatial map of carbon concentration. Previous in situ x-ray measurements in flames focused on studies of particle/soot detection using hard x-rays [Hessler, Ossler] . Soft x-ray absorption tomography could enable imaging of flame structure and mixture fraction in the gas phase. The present study demonstrates the feasibility of soft x-ray absorption measurements in a steady laminar low-pressure methane jet flame without any sooting. This work represents the first stage in developing x-ray diagnostic techniques for more challenging flames that involve molecular growth processes that lead to soot formation and the combustion of larger hydrocarbon fuels.
Methods
Experiments were performed using a roll-up endstation at beamline 11.0.2 of the Advanced Light Source at Lawrence Berkeley National Laboratory. The endstation consisted of a six-way cross vacuum chamber with an axisymmetric burner mounted on a three-axis manipulator. As shown in Fig. 1 , the x-ray beam entered the chamber from the right through a tube purged with helium, passed through a steady laminar flame, and was detected using a photodiode (Opto Diode, AXUV-100) on the left side of the flame. A 100-nm thick aluminum foil was mounted in front of the photodiode to block interference from flame chemiluminescence and electron flux. To eliminate drift in the photodiode dark signal due to heating from the flame, we mounted the photodiode on a water-cooled copper plate and monitored the temperature of the plate using a thermocouple. A second tube purged with helium was mounted in front of the photodiode to reduce absorption of the x-ray beam by the bath gases in the vacuum chamber. The flame was positioned between the two beam tubes, and the absorbance was determined by measuring the ratio of the transmitted xray signal with and without a flame present and using Beer's Law.
The axisymmetric jet burner consisted of a 3.1-mm diameter tapered nozzle flowing methane surrounded by a 44-mm coflow of a helium-oxygen mixture (He:O 2 = 2:3 by vol.). The gas flows were controlled using calibrated mass flow controllers, and the chamber pressure was maintained at 20 torr by a computer-controlled throttle valve. The methane flame was selected as an initial test case using a simple hydrocarbon fuel and a flame that is amenable to laser diagnostic techniques in order to facilitate comparisons between traditional measurement techniques. The flame was ignited by inserting an electrically heated coil over the nozzle. The burner was mounted on a three-axis motorized manipulator that enabled computer-controlled scanning of the flame across the x-ray beam. The flame chamber was separated from the beamline by a silicon nitride window, and pressure relief and shutoff valves were used to avoid overpressure of the chamber. The energy range needed for probing the complete carbon K-edge spectral region is 275-330eV. An undulator beamline was used to provide sufficient photon flux in order to reduce the time required for spatial and spectral scans. The beamline provided an approximately 200-μm diameter beam with a photon flux on the order of 10 11 photons/second and an energy resolution of 120 meV. Fig. 1 . Experimental configuration for x-ray absorption measurements in a low-pressure (P total = 20 torr) laminar axisymmetric methane jet flame.
Results and Discussion
Soft x-ray absorption provides a method for probing elemental composition by tuning the x-ray energy to excite core electrons of a specific element from the ground state to a valence orbital. Figure 2 shows calculated x-ray transmission spectra using an absorption path length of 1 cm for a stoichiometric mixture of methane and molecular oxygen at pressures ranging from 1 to 100 torr. The prominent absorption features near 300 eV and 550 eV are the K-edges for carbon and oxygen atoms, respectively. A judicious choice of pressure, flame dimensions, and total path length are necessary for an accurate absorption measurement such that there is sufficient absorption to resolve the features of interest but not so much absorption that signal detection is difficult and saturation effects complicate the measurement. In addition, background absorption from inert diluents must also be considered. In the present experiment, helium was used as a diluent in the oxidizer stream in order to minimize the absorption of the inert species. The total chamber pressure of 20 torr was sufficient for absorption measurements across this non-premixed methane flame. The gas flow rates were set to obtain a balance between minimizing the flame dimensions and providing sufficient standoff distance from the nozzle to reduce heat transfer to the burner. Near-edge x-ray absorption fine structure (NEXAFS) spectroscopy affords speciation. The coarsely resolved spectra in Fig. 2 do not include the fine structure of the near-edge region. In a flame, the near-edge of the carbon K-edge absorption spectra can potentially be used to determine concentrations of the major carbonaceous species. Figure 3 shows measurements of the absorption cross-section spectra of the three major carbonaceous species in a methane flame, CH 4 , CO 2 , and CO. These measurements were performed in a cube that was evacuated and then backfilled with pure samples of CH 4 , CO 2 , and CO. Absorption measurements were recorded using a path length of 67mm between the silicon nitride window of the beamline and the photodiode detector. The absorption spectrum of each gas was measured using a series of different total pressures to verify that the largest absorption peaks in the near-edge region were not saturated. The most prominent spectral features are the peaks associated with excitation of core electrons from the ground state to π* molecular orbitals. The peak absorption cross-section varies significantly between species with values of 7 Mb, 18 Mb, and 33 Mb, for CH 4 , CO 2 , and CO, respectively. The energy of these transitions ranges from 287 to 291 eV, as a result of the different energies of the excited state molecular orbitals. Absorption spectra were measured across the carbon K-edge in different regions of the flame by scanning the photon energy of the x-ray beam in 0.1 eV increments. Figure 4 shows spectra from two different locations in the flame along with spectral fits. The spectral fitting was performed using a superposition of the reference spectra for CO, CH 4 , and CO 2 from the basis functions in Fig. 3 along with reference spectra for helium and oxygen atoms. The offset of these absorption spectra from zero is the result of absorption from helium and oxygen atoms along the path length of the beam. The absorption spectra of these atoms are featureless in the carbon K-edge region. The absorption spectrum in Fig. 4a was measured with the x-ray beam passing through the burner axis at a location near the nozzle exit, such that the beam path included unburned methane. All three major carbonaceous species are observed in the spectrum since it is a line-ofsight measurement and the beam passes through the coflow, reaction zone, and fuel regions of the jet flame. In contrast, the absorption spectrum in Fig. 2b was measured in a region beyond the main reaction zone and thus does not include any absorption from methane. In addition, the integrated absorption of CO decreased relative to that of Fig. 4a , and the level of CO 2 decreased. Both measured spectra in Fig. 4 are fit well by a superposition of the reference spectra, indicating that quantitative measurements are possible via spectral fitting.
(a) (b) Fig. 4 . Measured absorption spectra (a) through the jet axis at a location near the nozzle exit that includes unreacted fuel, (b) beyond the main reaction zone. Spectral fits were obtained from a superposition of the reference spectra of individual gases.
Images of absorbance were created by raster scanning the burner across the x-ray beam and measuring the absorption at 1-mm intervals. The absorbance images for CH 4 , CO, and CO 2 in Fig. 5 were measured by setting the beam energy to the peak of the respective near-edge absorption features shown in Fig. 3 and scanning the burner across the xray beam. Tomographic inversion could be performed from spatial scans of the entire flame to produce 2-D measurements of CH 4 , CO, and CO 2 distributions. The absorbance images in Fig. 5 have been corrected for absorption from helium in the purge tubes that shield the detector and silicon nitride window. Corrections for the featureless absorption spectra of helium and oxygen atoms were implemented using a separate set of absorption imaging measurements in the pre-edge region of the spectrum (276eV). Corrections for background absorption within the beamline, from the silicon nitride window, detector window, and helium purge tubes were performed using additional Fig. 5 . Demonstration of species imaging in a laminar non-premixed methane jet flame at 20 torr using soft x-ray absorption measurements. Two-dimensional measurements of absorbance of the major carbonaceous species (CH 4 , CO, CO 2 ) acquired at the corresponding peaks of the nearedge NEXAFS features in Fig. 3 . Chemiluminescence image of the flame is shown on the left. absorption measurements with the chamber evacuated and with the chamber filled with helium. The absorption spectra of pure CH 4 , CO, and CO 2 in Fig. 3 indicate that there is some overlap between spectral features in the near edge region, resulting in cross-talk between absorption measurements of different species. For example, absorption from CH 4 can contribute to the measured absorption of CO 2 at 290.9eV. The absorption measurements are sufficiently high quality that we were able to use the CH 4 absorbance image to correct the measured CO 2 absorbance for this cross-talk. High resolution absorption spectra were measured at strategic locations throughout the flame to verify the accuracy of the absorbance measurements in the 2-D images. These spectra were also used to test the feasibility of using secondary absorption features with lower absorption cross-sections in order to avoid saturation effects.
Summary
In situ soft x-ray absorption measurements were demonstrated in an axisymmetric low-pressure laminar methane flame. Synchrotron radiation was tuned to the carbon K-edge spectral region to enable measurements of the major carbonaceous species. Two-dimensional absorption measurements were performed by scanning the flame across the xray beam, providing absorption images of CO 2 , CO, and CH 4 . Further refinement and analysis is underway to provide quantitative species concentration measurements. Measurements in the far-edge region may afford carbon counting that could be used for mixture fraction measurements. Preliminary spectral measurements in ethylene and propane flames also show promise for NEXAFS imaging with these fuels. Soft x-ray absorption shows promise as a technique for in situ flame measurements and may enable measurements in conditions that are not feasible with laser diagnostic techniques.
